T he ideal treatment strategy for both lower-grade and high-grade gliomas has recently been reported to be maximal tumor resection as the initial therapeutic option. 11, 16, 24 A large number of studies based on objective evaluation of the extent of resection (EOR) in cases of gliomas showed that a total resection, or maximum EOR, significantly increased not only the progression-free survival but also the overall survival (OS). 3, 11, 15, 24, 26, 29 Regarding lower-grade gliomas in particular, one evidence-based clinical practice guideline recommends resection over observation to improve OS for patients, a recommendation based on high levels of evidence. 1 However, these infiltrative gliomas are often observed near or within eloquent regions of the brain, 8, 25 which means that their removal increases the risk of neurological damage, including motor, language, and cognitive dysfunction. Therefore, the gold- Department of Rehabilitation, Nagoya University Hospital, Nagoya, Japan OBJECTIVE Maximum extent of resection (EOR) for lower-grade and high-grade gliomas can increase survival rates of patients. However, these infiltrative gliomas are often observed near or within eloquent regions of the brain. Awake surgery is of known benefit for the treatment of gliomas associated with eloquent regions in that brain function can be preserved. On the other hand, intraoperative MRI (iMRI) has been successfully used to maximize the resection of tumors, which can detect small amounts of residual tumors. Therefore, the authors assessed the value of combining awake craniotomy and iMRI for the resection of brain tumors in eloquent areas of the brain. METHODS The authors retrospectively reviewed the records of 33 consecutive patients with glial tumors in the eloquent brain areas who underwent awake surgery using iMRI. Volumetric analysis of MRI studies was performed. The pre-, intra-, and postoperative tumor volumes were measured in all cases using MRI studies obtained before, during, and after tumor resection. RESULTS Intraoperative MRI was performed to check for the presence of residual tumor during awake surgery in a total of 25 patients. Initial iMRI confirmed no further tumor resection in 9 patients (36%) because all observable tumors had already been removed. In contrast, intraoperative confirmation of residual tumor during awake surgery led to further tumor resection in 16 cases (64%) and eventually an EOR of more than 90% in 8 of 16 cases (50%). Furthermore, EOR benefiting from iMRI by more than 15% was found in 7 of 16 cases (43.8%). Interestingly, the increase in EOR as a result of iMRI for tumors associated mainly with the insular lobe was significantly greater, at 15.1%, than it was for the other tumors, which was 8.0% (p = 0.001). CONCLUSIONS This study revealed that combining awake surgery with iMRI was associated with a favorable surgical outcome for intrinsic brain tumors associated with eloquent areas. In particular, these benefits were noted for patients with tumors with complex anatomy, such as those associated with the insular lobe.
standard treatment for gliomas associated with eloquent regions is awake surgery with direct electrocortical stimulation to preserve brain function. 10, 22 The goal of awake surgery is to achieve the maximum degree of tumor resection while determining the functional tumor boundary by using both cortical and subcortical mapping. 7, 10, 12 Intraoperative MRI (iMRI) provides information about EOR and imaging data sets, incorporating anatomical changes that occur as a result of surgical retraction, dural opening, brain shift, gravity, and loss of CSF. 19, 30 iMRI can be an important tool allowing neurosurgeons to maximize the EOR of gliomas by overcoming the effect of intraoperative brain shifting. In addition, iMRI can detect small amounts of residual tumors, which allows surgeons to maximize EOR while minimizing postoperative neurological deficits. 18 Thus, by combining awake craniotomy, using cortical and subcortical stimulation, with iMRI, functional and anatomical brain information can be obtained and used to avoid neurological complications.
In this study, we aimed to investigate the significance of combining awake craniotomy and iMRI for the resections of brain tumors located in eloquent areas of the brain.
Methods

Patient Population
We retrospectively reviewed the records of 33 consecutive patients with glial tumors located in eloquent areas of the brain who underwent awake surgery at Nagoya University Hospital from December 2012 through July 2014. All patients had tumors that were anatomically associated with eloquent brain regions including areas involving motor, language, and/or cognitive function, as shown on preoperative MRI. When possible, we tried to use intraoperative MRI (iMRI) to evaluate the EOR and maximize tumor resection during awake craniotomy. 13, 27 The diagnosis of brain tumor was established by a histological examination based on the World Health Organization (WHO) guidelines 16, 17 independently by at least two expert neuropathologists. Grade II and III gliomas were defined as lower-grade gliomas, as previously reported. 31 The study was approved by the institutional review board at Nagoya University Hospital and complied with all provisions of the Declaration of Helsinki.
Preoperative Evaluation
The presenting neurological symptoms and preoperative neurological examination findings were assessed at admission before the awake surgery.
Handedness was assessed using a standardized questionnaire (Edinburgh Handedness Inventory). 21 Hemispheric language dominance was determined according to functional MRI findings or WADA testing. Functional MRI was performed using a MAGNETOM Verio (Siemens) 3.0-T scanner with a 32-channel head coil. WADA testing, performed as previously described, 32 was conducted by injecting propofol into the internal carotid artery.
In addition, neurocognitive status and language function were assessed by speech therapists and occupational therapists using Standard Language Test of Aphasia, the third edition of the Wechsler Adult Intelligence Scale, and the Wechsler Memory Scale-Revised 1 week before and after the awake craniotomy. Preoperative brain images, including 3D T1-weighted images, conventional MRI images (T1-and T2-weighted images), and diffusion-weighted images, were acquired using a 3.0-T scanner (Trio, Siemens). Images were coregistered and fused using the automatic image fusion software included in Brainlab iPlan Cranial 2.6 and 3.0. 20 According to these preoperative findings, we determined the final target for tumor resection and aimed to achieve gross-total removal of the tumor, despite the difficulty of excising tumors located in eloquent areas.
Intraoperative Mapping
All patients underwent surgery using an asleep-awakeasleep technique so that intraoperative brain mapping could be performed using direct brain stimulation. 10 A wide craniotomy was performed, and intraoperative neuronavigation was used to delineate the margin of the tumor. Furthermore, somatosensory evoked potentials were evaluated using a strip electrode (6 contacts) to determine the location of the central sulcus. Electrocorticograms were recorded using strip electrodes to detect the appearance of the afterdischarge during direct brain stimulation and tumor resection.
The awake surgery technique allowed us to use intraoperative functional mapping, particularly language, cortical, and subcortical mapping, by using direct electrical stimulation. We used a bipolar stimulator with a 2-mm diameter and a 5-mm interelectrode distance (Unique Medical) to deliver a biphasic current (pulse frequency 60 Hz; single pulse phase duration 0.5 msec; amplitude 2-8 mA) to the brains of these awake patients. A Neuromaster MEE-1200 system (Nihon Kohden) was used for intraoperative neurophysiological monitoring during the procedure.
First, cortical mapping was performed after opening the dura mater. We used counting tasks and object-naming tasks presented to patients on a monitor to identify the cortical language sites affected by electrical stimulations. Speech therapists evaluated and analyzed the type of language disturbance, such as speech arrest, anomia, dysarthria, anarthria, speech slowness, initiation troubles, perseveration, and paraphasia. After evaluation of language disturbances, each of the eloquent areas was marked using number tags on the brain surface.
After cortical mapping was completed, the lesion resection was started by using a subpial excision technique. We removed the tumor to the level of the white matter, while frequently checking the patient's response using subcortical stimulation. Thus, subcortical mapping enabled us to determine the functional boundary between tumor and white matter.
Intraoperative MRI
We performed iMRI using a 0.4-T vertical field MR scanner (Aperto Inspire, Hitachi) installed in the operating room of the Brain Theater of Nagoya University Hospital just after tumor resection during awake craniotomy.
In the present study, the intraoperative imaging protocol included T1-and T2-weighted imaging and, if necessary, T1-weighted imaging with injection of contrast medium. Initial iMRI was performed based on the surgeon's judgment that most targeted lesions were completely removed according to functional boundaries by using awake brain mapping.
If remaining resectable tumor was found, we removed the additional tumor, and iMRI investigation was repeated to ensure that the surgical goal was achieved based on the preoperative plans.
Volumetric Analysis
Volumetric analysis of MR images was performed on a 3D basis using the cranial planning software included in the Brainlab iPlan Cranial 2.6 and 3.0. 20 The pre-, intra-, and postoperative tumor volumes were measured in all patients using contrast-enhanced T1-weighted or T2-weighted MR images obtained before, during, and after tumor resection. The EOR was calculated as follows: (preoperative tumor volume -postoperative tumor volume)/ preoperative tumor volume. 29 The increase in EOR as a result of iMRI was calculated as follows: (final EOR -EOR on iMRI).
Statistical Analysis
Statistical analysis was performed using the statistical software SPSS for Windows, version 22.0 (SPSS Inc.). The t-test and the Mann-Whitney U-test were used to test for association between clinical variables and EOR of the tumor. A significance level of p = 0.05 was assumed.
Results
Clinical Parameters
Between December 2012 and July 2014, 33 consecutive patients with glial tumors associated with the eloquent brain areas who underwent awake surgery were enrolled in the current study. Their clinical characteristics are summarized in Table 1 . Histologically, there were 26 lower-grade diffuse gliomas, including 19 WHO Grade II gliomas (9 diffuse astrocytomas, 7 oligoastrocytomas, 2 oligodendrogliomas, and 1 pleomorphic xanthoastrocytoma), 7 WHO Grade III gliomas (2 anaplastic astrocytomas and 5 anaplastic oligodendrogliomas), and 4 high-grade gliomas (glioblastoma). This study group comprised 25 men and 8 women aged 28-67 years (median 41 years). The tumor was located in the left hemisphere in 30 cases (90.9%) and in the right hemisphere in 3 cases (9.1%). The majority of the tumors were located in the left frontal lobe (n = 15, 45.5%), followed by the insular lobe plus the temporal or frontal lobe (n = 11, 33.3%), the parietal lobe (n = 5, 15.2%), the temporal lobe (n = 1, 3.0%), and the occipital lobe (n = 1, 3.0%). The median tumor volume, measured on MRI at preoperative diagnosis, was 46.1 cm 3 (range 0. 6-196.4 cm 3 ). Final EOR ≥ 90% was achieved in 15 patients (45.5%), and 18 patients (54.5%) had an EOR < 90%.
Operative time was calculated from starting the skin incision to finishing the wound closure, including the time for awake functional mapping, tumor removal, iMRI, and further resection of residual tumor. The mean total operative time was 7.8 hours (range 4.4-12.0 hours; Table 2 ). Total operative time exceeded 8 hours in 9 patients, which included 7 cases of insular tumor, 1 of frontal tumor, and 1 of parietal tumor. The mean iMRI scanning time was 26.8 minutes (range 20-36 minutes; Table 2 ).
Neurological and Neuropsychological Outcomes
In the postoperative period, 10 patients (30%) had new transient speech disturbance and 4 patients (12%) developed permanent speech disorders. Three of 4 patients with permanent speech disorders already had aphasia or apraxia of speech preoperatively. Four patients (12%) had transient motor disorders, and none had permanent motor disturbance (Table 3) . One patient (3%) experienced postoperative hemorrhage and 2 patients (6%) showed semantic paraphasia during the postoperative course (Table 3) . 
Effect of iMRI on Awake Surgery in Patients
Intraoperative MRI was performed to check for the presence of residual tumor during awake surgery in a total of 25 patients. If residual tumor was found using iMRI, further tumor resection was performed, unless there was a risk of damaging eloquent brain regions (Patient 32, Fig. 1 ).
Of the remaining 8 patients, we aborted awake surgery midstream in 3 cases because the disturbance of consciousness persisted to the end. In 5 patients, iMRI could not be performed because of the patient's position (e.g., lateral position).
Initial iMRI confirmed no further tumor resection in 9 patients (36%) because all observable tumors had already been removed. In such cases, the mean final EOR of these patients was 92.8% (Table 4) . Interestingly, these cases were characterized by the presence of frontal tumors (55.6%). In contrast, intraoperative confirmation of residual tumor during awake surgery led to further tumor resection in 16 cases (64%) and eventual EOR of more than 90% in 8 of 16 cases (50%) ( Table 5 ). Furthermore, EOR benefiting from iMRI by more than 15% was found in 7 of 16 cases (43.8%). Thus, the use of iMRI increased EOR of the tumor in patients undergoing awake surgery. 
Benefits of Combined iMRI and Awake Craniotomy for Patients With Tumors Associated With the Insular Lobe
Next, we sought to determine which cases had benefited most from the use of iMRI during awake surgery. We focused on the 25 patients who underwent iMRI during awake craniotomy (Tables 4 and 5 ). These cases consisted of frontal tumors (12 cases), insular tumors (10 cases), parietal tumors (2 cases), and temporal tumor (1 case). Notably, the increase in EOR as a result of iMRI for tumors associated mainly with the insular lobe was significantly greater, at 15.1%, than the increase in EOR for the other tumors, which was 8.0% (p = 0.001) ( Table 6 ).
Discussion
To preserve brain function of structures located in the eloquent areas, functional brain mapping during awake craniotomy has been increasingly performed at several institutions, and a greater need for the procedure has been emphasized. 6, 7, 10, 11, 22 This is because both anatomical and functional variability of cognitive functions, including language function, has been shown even in healthy human beings. 33 This variation in cognitive functional areas increases in cases of intrinsic brain tumors, including gliomas, which invade the brain itself. In such cases, normal cerebral functions might shift to other regions due to brain plasticity, especially in slow-growing tumors such as lower-grade gliomas. 5 Therefore, "tailor-made awake surgery" is essential to detect cortical and subcortical functional organization for each brain tumor patient. Based on the cortical-subcortical functional boundaries, tumors associated with eloquent areas should be resected during awake craniotomy.
11 By using awake craniotomy, brain tumor treatment can be safe, practical, and effective at the outcome stage. 28 A recent study revealed a 3.4% rate of permanent severe neurological deficits in patients after resections with intraoperative stimulation mapping. 4 Even when using awake brain mapping, a small amount of tumor was sometimes left around the tumor cavity in the complex anatomical brain structures such as deep regions close to the basal ganglia. Furthermore, there were some advantages to tumor removal under iMRI guidance, including the ability to define tumor targets and lesion margins and identify normal brain anatomical structures, even in the dynamic changes of CSF during tumor resection. In addition, the utilities of iMRI were to detect unanticipated residual disease, to update intraoperative neuronavigation registration accounting for brain shift, and to exclude the presence of any intraoperative complications including hemorrhagic events. The use of iMRI was significantly beneficial in detecting the residual tumor to achieve a more complete resection of brain tumors close to the eloquent areas. In the present study, just after the iMRI, in 9 cases (36%) we accomplished maximal resection of the target tumor without need for further removal (Table 4) . However, in 16 cases (64%) the EOR increased using further resection thanks to iMRI findings (Table 5) . Of these 16, 9 (56.3%) were tumors in areas associated with the insular lobe.
Insular gliomas are surgically challenging tumors because of their complex anatomy and the adjacent cortices and white matter tracts associated with language functions, and because of the vascular branch and important perforating arteries such as the lenticulostriate artery and long insular artery. The insula is very close to perisylvian language areas, Broca's and Wernicke's areas, the primary motor and sensory areas of the lower portion of the face, and the white matter pathways traversing these regions.
Thus, brain tumors located in the insular region had long been considered inoperable, often operated on only for biopsy purposes. Berger et al. and Duffau et al., who are expert glioma surgeons, have demonstrated that it is crucial to perform functional mapping prior to the removal of insular glioma because of the critical nature of both insular and peri-insular structures. 2, 9, 14, 23 Although they used functional brain mapping without iMRI, insular tumors present a surgical challenge without the help of structural and functional imaging.
Using iMRI for such challenging tumors with complicated structures provides rewarding surgical outcomes and can assist neurosurgeons with intraoperative surgical planning. In the present study, we have compared the clinical data of insular and other tumors in patients who underwent further resection after using iMRI during awake craniotomy (Table 6 ). Statistically, the benefit associated with the combination of iMRI and the awake craniotomy was shown in patients whose tumors were located near the insular lobe (Table 6 ). This finding suggests that iMRI can detect the small amount of remnant tumor after awake brain mapping to define the functional boundary of the tumor using direct cortical and subcortical stimulation. The combination of the complementary functions of iMRI and awake surgery will enable treatment of insular tumors due to the highly functional nature of the insula and surrounding brain as well as the insula's difficult access with the hidden surface underlying the frontal and temporal operculum.
Conclusions
In summary, this study demonstrated that in cases of intrinsic brain tumors, including lower-and high-grade gliomas associated with eloquent areas of the brain, the combination of awake craniotomy and iMRI was associated with a favorable surgical outcome. These benefits were, in particular, noted for patients with tumors with complex anatomy, such as those associated with the insular lobe.
Our results are limited compared with those of a prospective clinical trial, as retrospective studies can be influenced by unrecognized biases. However, this study provides essential information about the treatment of gliomas associated with eloquent areas of the brain. The collection of evidence for combined awake craniotomy and iMRI will help further treatment of this disease and hopefully create a novel surgical strategy.
